Macrophage colony-stimulating factor (CSF-1; M-CSF) is a growth factor required for growth and differentiation of mononuclear phagocytes. The effects of CSF-1 are mediated through binding to specific, high-affinity surface receptors encoded by the c-fms gene. CSF-1 and c-fms gene expression was investigated in fresh human acute myeloblastic leukemic cells by Northern blot hybridization using cDNA probes. 4.0-kb CSF-1 transcripts were detected in 10 of 17 cases of acute myeloblastic leukemia (AML), while c-fms transcripts were detected in 7 of 15. Coexpression of CSF-1 and c-fms was observed in five cases, and in five other cases neither gene was expressed. In situ hybridization demonstrated that transcripts for CSF-1 were present in 70-90% of cells in each of three cases studied while c-fms mRNA was detected in 40-70% of cells. The constitutive expression of CSF-1 transcripts was associated with production of CSF-1 protein, although detectable amounts of CSF-1 were not secreted unless the cells were exposed to phorbol ester. These results demonstrate that leukemic myeloblasts from a subset of patients with AML express transcripts for both the CSF-1 and CSF-1 receptor genes, often in the same leukemic cells in vitro.
Introduction
Acute myeloblastic leukemia (AML)' is a highly lethal neoplasm characterized by excessive proliferation and aberrant differentiation of immature myeloid cells. Like normal hematopoietic progenitor cells, proliferation of AML cells in vitro can be stimulated in most cases by one or more of the hematopoietic growth factors known as colony stimulating factors (CSFs) (1) . In the normal marrow, certain accessory cells (fibroblasts, endothelial cells, T lymphocytes, and monocytes) seem to be the major sources of CSFs (2), but there is evidence that certain retrovirus-induced murine and avian myeloid leukemic cells have acquired the ability to produce their own CSFs (2, 3) . For example, monocyte-macrophage tumors induced in vivo by a mouse c-myc retrovirus secrete (and respond to) CSF-1 as a secondary transforming event (4) . Production of CSFs by human myeloid tumors has not been extensively investigated. Although we have previously demonstrated that c-fms RNA is expressed in populations of leukemic blasts (5), the present study was undertaken to investigate expression of both the CSF-1 and c-fms genes in AML. CSF-1 is normally required for the growth and differentiation of mononuclear phagocytes (6) , while c-fms apparently codes for the CSF-1 receptor (a 1 65-kD glycoprotein with tyrosine kinase activity) (7) .
Methods
Leukemic cells. Bone marrow or blood samples were obtained at diagnosis from 17 adult patients with AML. Mononuclear cells were isolated by sedimentation on Ficoll-Hypaque density gradients and samples were cryopreserved in liquid nitrogen until use. After thawing, leukemic cells were depleted of T cells by rosetting with sheep erythrocytes and depleted of monocytes by plastic adherence for 1 h at 37°C. Specimens selected for study were shown to contain > 95% blasts. Cases were classified by French-American-British classification (8) and further characterized by determining expression of the CD 14 monocyte surface antigen recognized by MAb anti-MY4 (9) . In some experiments leukemic cells were cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS) and 10-10 M phorbol myristate acetate (Sigma Chemical Co., St. Louis, MO) for 48 h.
Normal cells. Blood monocytes were isolated from platelet pheresis residue packs by Ficoll-Hypaque density gradient sedimentation, Erosetting, and plastic adherence as previously described (9) . Purity of monocyte preparations was monitored by immunofluorescence staining with anti-MY4 (9) and exceeded 95% for all experiments reported here. For some experiments, monocytes were cultured in RPMI 1640 medium containing 10% FBS and 1,000 U/ml recombinant, purified human gamma-interferon (Biogen, Cambridge, MA) for 18 h.
CSF-J assays. CSF activity in medium conditioned by leukemic cells (1 X 106 cells/ml in RPMI 1640 with 10% fetal bovine serum for 48 h) was measured by both colony assay and RIA. Normal murine marrow granulocyte monocyte progenitor cells (CFU-GM) were assayed in a standard double layer agar system in which 5 X 104 marrow cells were cultured in 0.3% agar and 20% FBS in Iscove's modified Dulbecco's minimal essential medium (0.5 ml) over an underlayer containing 0.5% agar in the same medium (0.5 ml) (9) . Macrophage colonies were counted on day 7 in triplicate samples. The RIA was performed as previously described (10) .
Northern blots. 50-100 x 106 leukemic blasts were lysed in 4 M guanidium isothiocyanate and the RNA recovered after centrifugation through 5.7 M cesium chloride as previously described (11 Figure 1 . Expression of the CSF-I gene by AML cells. Total cellular RNA (15 gg) was fractionated on 1.2% agarose gels. CSF-I mRNA was detected using a 3.5-kb segment of the human CSF-I cDNA inserted in the Xho site of the pXMT 2 vector (13) . The control lanes (C) show RNA from gamma-interferon-stimulated normal blood monocytes. Unstimulated normal monocytes lack detectable CSF-l RNA (21) (22) (23) .
brane (GeneScreen Plus, E. I. Dupont de Nemours & Co. Inc., Wilmington, DE), and prehybridized as previously described (11) . CSF-1 mRNA was detected using a 3.5-kb segment of the human CSF-l cDNA inserted in the Xho site ofthe pXMT 2 vector, provided by Drs. Gordon Wong and Steven Clark, Genetics Institute, Cambridge, MA. c-fms mRNA was detected with the pSM3 plasmid containing the 1.0-kb PstI fragment of v-fms. Probes were labeled using hexanucleotide primers and 32P-dCTP to specific activities of IO9 cpm/Ag. Hybridization was performed at 60°C as previously described (11) . In situ hybridization was performed by nick-translating the same cDNA .Ã~~~~~. . :f :.
-, hybridizing signals. One additional case (case 4) had a very weak signal of uncertain significance which is called negative in the analysis below ( Fig. 2 shows results from 10 cases). Of the seven cases expressing c-fms, five cases also expressed CSF-1 transcripts. Two cases were c-fms positive, CSF-1 negative, and three cases were CSF-1 positive, c-fms negative. The control lanes in Fig. 2 show RNA from gamma-interferonstimulated normal blood monocytes (1,000 U/ml, 18 h). As previously shown, unstimulated normal monocytes do not express detectable CSF-1 mRNA (12).
To determine the fraction of cells in individual cases of AML that express these genes, in situ hybridization was per- Figure 3 . In situ mRNA hybridization of leukemic blasts from case 5. The pSM3 plasmid containing the 1.0-kb PstI fragment of the v-fms gene, the pc CSF-12 plasmid containing the 1.6-kb fragment of a human CSF-I cDNA and pBR322 without insert were nick-translated using biotinylated dUTP. Smears of leukemic myeloblasts were formed in six cases. Smears were made from leukemic blasts depleted of T cells and monocytes. Biotinylated probes were hybridized to the cells and detected with streptavidin conjugated to alkaline phosphatase using nitroblue tetrazolium as a substrate. In the case shown in Fig. 3 (case 5) , 43.9±3.8% of total cells had detectable staining for c-fms mRNA, while 81.5±5.5% of total cells had detectable CSF-1 transcripts. In contrast, no hybridization was observed in RNase-treated cells or in cells hybridized to vector (pBR322) only (Fig. 3) . Thus, it is likely in this case that a substantial proportion of leukemic cells coexpressed CSF-1 and c-fms transcripts in the same cell. other preparations of leukemic blasts. For example, clearly detectable staining of blasts from case 9 was obtained with the biotinylated CSF-1 probe, while c-fis transcripts were barely detectable in these cells (Fig. 4) . A low level of c-fms RNA was similarly detected by Northern analysis of blasts from case 9 (Fig. 2) . The findings by in situ hybridization also corresponded with those obtained by Northern blotting for cases 6 and 8 (Fig. 4) . Thus, c-fms, but not CSF-1, RNA was detectable in blasts from case 6. Moreover, neither c-fms nor CSF-1 transcripts were detectable in blasts from case 8. These findings further supported the specificity of the in situ hybridizations and demonstrated that, when detectable, c-fms and CSF-1 expression occurs in the majority of blasts from an individual patient.
CSF-1
Two assays were used to detect secreted CSF-1 in medium conditioned by leukemic blasts for 48 h (Table II) . Human CSF-1 has been shown to stimulate growth of murine macrophage colonies in agar (10) . AML-conditioned media stimulated growth of murine macrophage colonies in none of 14 cases tested. Using an RIA (10), CSF-1 levels were < 20 U/ml in each of 11 cases tested. This finding is similar to previous observations made on the MIA-PaCa cell line, a pancreatic carcinoma cell line that constitutively expresses the CSF-1 gene, contains intracellular CSF-1 when grown in serum-free medium, but secretes CSF-1 only after treatment with phorbol myristic acid (PMA) (10) . We therefore investigated the effects of PMA on CSF-1 release. Of six cases tested, four expressed CSF-1 transcripts before PMA treatment (cases 2, 10, 12, 13) c-fms and three of these four cases released CSF-1 by bioassay and RIA after PMA treatment (Table II) . One additional case (case I 1) also secreted detectable CSF-1 after PMA, but did not have detectable CSF-l transcripts without PMA. The last case (case 14) neither had detectable CSF-1 transcripts nor secreted CSF-l after PMA treatment.
To identify cell-associated CSF-1 activity, a crude membrane fraction was prepared from cells from case 15 as described (14) by swelling washed, nonadherent leukemic cells (> 95% blasts) in hypotonic buffer, lysing cells in a Dounce homogenizer, removing nuclei (200 g for 10 min), and layering the supernatant on a 40% sucrose cushion. A membraneenriched fraction was then separated by centrifugation at 100,000 g for 60 min at 4°C, rewashed, suspended in 9 mM CHAPS detergent (Pierce Chemical Co., Rockford, IL) for 30 min, then dialyzed against PBS for 3 d. CSF-1 activity was determined by RIA and was > 240 U/108 cell equivalents. These data suggest that the leukemic cells produce a cell-associated CSF-I protein.
Discussion
There is growing evidence to suggest that expression ofgrowth factor genes in certain types of neoplasms may promote transformation. For example, insertion of the murine GM-CSF gene in a factor-dependent murine myeloid cell line has been shown to result in autonomous growth and tumorigenicity (15) . Similarly, superinfection of v-myb or v-myc-transformed chicken myeloid cells with retroviruses carrying oncogenes of the src gene family induces the cells to release a CSF that supports autocrine growth (3) . The recent studies of Sherr and colleagues are particularly relevant (16, 17) . Introduction of the v-fms gene into SV40-immortalized CSF-1-dependent macrophages renders them independent of CSF-1 for growth, and tumorigenic in nude mice (16) . Introduction of v-fms, but not the human c-fms gene, into NIH 3T3 fibroblasts allows for growth in soft agar (17) . However, cotransfection of the human c-fms and human CSF-1 genes into the same fibroblasts results in agar growth (17) . Presumably this transformation is partly or completely due to constitutive activation of the c-fms-associated tyrosine kinase by endogenously produced CSF-1. The coexpression of CSF-I and CSF-1 receptor genes in the cases described here is likely to also confer the phenotype of constitutively activated c-fms tyrosine kinase.
Despite the finding of CSF-l transcripts in leukemic cells, secretion of CSF-1 protein was not observed unless the cells were stimulated by PMA. Similar results have, been reported for the pancreatic carcinoma cell line MIA PaCa grown in serum-free medium (10) . It is possible, however, that the cells secreted CSF-1 below the limit ofdetection ofthe two different assay systems employed here. Alternatively, secreted CSF-1 could be rapidly bound to cell surface receptors and degraded (18) . In one case expressing CSF-l mRNA in which sufficient cells were available, AML cells were lysed and a membraneenriched fraction was shown to contain CSF-1 by immunoassay. It is possible that CSF-1 exists as a membrane protein on these cells. Membrane CSF-1 has been demonstrated in NIH 3T3 cells transformed by cotransfection of the human CSF-l and c-fms genes (19) . However, further studies of AML cells will be required to determine the location ofthe CSF-1 protein in these cells. In normal human monocytes (which are nonproliferative cells), c-fms is expressed and the addition of CSF-l results in activation of macrophage functions (20) . In normal monocytes, the CSF-1 gene is usually not expressed, but recent studies demonstrate the gene is inducible by treatment with GM-CSF, gamma-IFN, or PMA (21) (22) (23) . The expression of CSF-I in highly proliferative AML cells may play a role in the leukemic phenotype of these cells.
